Injury to the peripheral processes produces a profound cell loss (40-50%) in the dorsal root ganglion of newborn rats. Although division of central processes produces littie or no cellular change in sensory ganglion of adult animals, no Information has been available on the effect of dorsal root section in developing dorsal root ganglion. We show that 6 days after dorsal rhizotomy on newborn rats, there is a 50% decrease in neuronal number in L5 dorsal root ganglion. A combined central and peripheral lesion of the sensory process results in a greater decrease in neuronal number (70%). Both of these effects can be prevented by the concomitant treatment with nerve growth factor. We also demonstrate that 12'I-labeled nerve growth factor is retrogradely transported with high selectivity from the spinal cord to the dorsal root ganglion via the dorsal roots. The results indicate that trophic support for developing sensory neurons is provided through the central processes. This is presumably due to the uptake and retrograde transport of a trophic factor by the terminals of the central processes. The data suggest that nerve growth factor may be the trophic factor. (7) and the flow of axoplasm is slower than in the large peripherally directed axons (8, 9).
Dorsal root ganglion (DRG) neurons, developing as bipolar neurons from the neural crest, are known to have two very similar processes. Both the central and peripheral processes have structural characteristics of axons (1, 2) . The axons of the spinal sensory neurons bifurcate in the DRG, sending one branch in the dorsal root centrally toward the spinal cord and the other in the spinal nerve toward the peripheral tissues. Axonal injury of the peripheral branch in adult animals leads to a profound reaction in the DRG neurons. In contrast, section of the dorsal roots proximal to the DRG in adult animals does not initiate significant morphological change in the ganglion cells (3) (4) (5) .
One mechanism postulated to initiate neuronal response to injury is that neurons depend on trophic substances coming from target cells for their survival and normal maintenance.
Interruption of the supply of the trophic substances would then initiate the response (6) . A reasonable explanation for the nonresponsiveness of DRG neurons to sectioning of dorsal roots would be that the central process plays no role in the trophic support of DRG neurons or, alternatively, that the loss of a postsynaptically derived trophic substance from the central terminal zones can be sufficiently replaced by trophic agents from the peripheral target cells to keep the neurons adequately maintained. In the latter case it would be assumed that the loss of supply of trophic substance by the centrally directed axons in the dorsal roots was quantitatively relatively small and thus the cell does not show an "injury response." The lesser role of the central relative to the peripheral process could be due, in part, to the disproportionate loss of axoplasmic volume between the central and peripheral axons after axotomy because the central axons are of smaller diameter (7) and the flow of axoplasm is slower than in the large peripherally directed axons (8, 9) .
Populations of developing neurons come under the influence of their peripheral fields and are able to make compensatory adjustments according to the sizes of the afferent input they receive (10) (11) (12) and the efferent output they project (13) (14) (15) (16) . The adjustments are made by way of corresponding alterations in cell number and size within the developing neuronal population. The sensory ganglion is unique in the sense that its target areas include both central neurons in the spinal cord and the innervated organs in the periphery. Despite the lack of morphological alteration reported after sectioning of the central process in adult animals, it is possible that developing DRG neurons receive trophic support from both central and peripheral target zones.
Nerve growth factor (NGF) has long been thought to act as a trophic factor transferring information from the peripheral target organs to the innervating sympathetic and sensory neurons. Our recent findings (17) have demonstrated that eliminating the peripheral target influence by crushing the sciatic nerve in the newborn rat resulted in a substantial loss (40-50%) of neurons in L5 DRG. Treatment with NGF prevented the decrease in neuronal number of the axotomized DRG. In the present study, we examine the effects of central process axotomy on the survival of the neonatal neurons to evaluate the relative roles of central and peripheral contacts on the development of the DRG neurons and to determine if exogenous NGF can prevent the observed deleterious effects of central axonal injury.
It is generally accepted that the physiological effects of NGF on target neurons are mediated via retrograde transport of NGF from the target to the neuronal cell body (18) . If NGF were a factor involved in providing trophic support for DRG neurons through the central process, it would be predicted that 125I-labeled NGF (125I-NGF) should be specifically retrogradely transported from the terminal fields of sensory neurons in the spinal cord to the DRG neurons. The data presented here document that 1251-NGF is so transported. Bocchini and Angeletti (19) . NGF solution was prepared by dissolving lyophilized NGF in 0.9% phosphatebuffered saline (Pi/NaCl) at a concentration of 1 mg/ml. The solution was divided into aliquots and kept frozen at -40C until use. Subcutaneous injections of either 20 ,ug of NGF or an equal volume of vehicle (P,/NaCl) were given to the neonates 2 hr before the operation and continued daily through PND-5. NGF and cytochrome c were labeled with 1 mCi of Na125I (specific activity, [13] [14] [15] [16] [17] mCi/pg, Amersham; 1 Ci = 37 GBq) by the lactoperoxidase method of Marchalonis (20) with minor modifications. After iodination, the 125I-NGF was dialyzed in 3 liters of Pi/NaCl (pH 7.4) to remove any free Na125I. The specific activities of 125I-NGF and cytochrome c preparations were -80 ,Ci/,g. Microiqjection Procedures. Spinal cord injections were performed according to the method of Lasek (21) as modified by Griffin et al. (22) . The L4 and L5 segments of anesthetized adult rats were exposed by laminectomy of the T13 and L1 vertebrae. 125I-NGF was injected by using a micropi- to 4 x 106 cpm/,ul) were spaced 0.5 mm apart. The injection time was about 10 min and the micropipette was left in the same position for at least another 5 min before being removed from the spinal cord. Injection of 125I-NGF into the nucleus gracilis (terminal area for long ascending sensory fibers from the DRG) was performed stereotactically at two different sites close to the caudal third of the area postrema. The wound was closed by suturing the paravertebral muscles and using 9-mm Michel clips for the skin. At intervals (3, 4, 6, 8, 12, 18, 24, 36 , and 48 hr) after the injection, the animals were killed by decapitation and the L4 or L5 DRG of the injected and uninjected side were removed. The radioactivity of the ganglia from each side was counted in a Beckman -y-counter.
MATERIALS
Autoradiography. For the autoradiographic localization of 1251-NGF in the DRG neurons, the paired L5 DRG were fixed in 10% formalin. The tissues were dehydrated in graded ethanol and embedded in Paraplast. Eight-micron sections were coated with Kodak NTB-2 emulsion and exposed for 1 week at 4°C. Proc. NatL Acad Sci. USA 81 (1984) Proc. NaiL Acad Sci USA 81 (1984) 6247 control (Table 1) . Thus, the additional peripheral lesion led to a further 20% decrease in cell number. Compared to the animals that received only a central lesion, the neuronal number in the double-lesioned animals showed a statistically significant (P < 0.05) decrease of 38%. Effects of NGF Treatment. Newborn rats were treated with 20 ,ug of NGF or vehicle (P,/NaCl) daily for 5 days. The animals were killed 24 hr after the last injection. Cell counts from animals with a central lesion treated with NGF showed no loss of neurons compared to controls-i.e., NGF prevented the cell death. In animals that had both central and peripheral lesions, NGF likewise completely prevented the cell loss (Table 1) . Thus, the administration of NGF completely prevented the cell loss resulting from axotomy either of central or of central and peripheral axonal processes of the DRG. NGF had no effect on neuronal number in unoperated DRG.
Retrograde Transport of 2'sI-NGF from the Spinal Cord to the Ls DRG Neurons. The time course of accumulation of 1251 radioactivity in the L5 DRG after unilateral injections of 1-2 '"I of 125I-NGF into the corresponding spinal cord segment of adult rats is shown in Fig. 1 . The first significant difference between the amount of radioactivity accumulated in the L5 DRG on the injected side and the amount on the uninjected side (P < 0.05) was detectable as early as 4 hr after the injection. The accumulation increased gradually and reached a maximum after 18 hr. There was a slight concurrent increase of radioactivity in the uninjected L5 DRG. In these rats, the distance from the point where the dorsal roots entered the spinal cord to the L5 DRG was estimated to be 2.5-3 cm. This represented an approximate rate of retrograde transport of 6-7 mm/hr. In the animals that received injections of 1251-NGF in the nucleus gracilis, there was a significant (P < 0.05) accumulation of radioactivity in the L5 DRG 24 hr after the injection, 354 ± 98 cpm in the DRG from the injected side compared to 94 ± 30 cpm in the DRG on the uninjected side (n = 8 in each group).
If the accumulation of 125I-NGF in ipsilateral DRG after injection to the spinal cord is indeed due to retrograde transport via the central process, it would be predicted that surgical interruption of the central process would prevent the accumulation of radioactivity. As expected, surgical transection of the central processes from the DRG completely abolished the difference in the accumulation of 125I-NGF between right and left L4 ganglia normally observed 18 hr after the spinal cord injections (Fig. 2) Eighteen hours after injection with 125I-NGF in the dorsal spinal cord, autoradiographic examination of ganglia from injected and uninjected sides of animals strongly supported the observation that the 125I-NGF is retrogradely transported to the L5 DRG neurons on the injected sides. In the DRG from the injected side there was a clear localization of radioactivity in neurons (Fig. 3A) ; however, no clear localization of radioactivity was observed over specific neurons from the uninjected sides. The majority of the radiographic activity was concentrated over the cytoplasm of the labeled neurons, with relatively little labeling in the nucleus (Fig. 3B) . Although no attempt was made to determine precisely the proportion of neurons that were labeled after injection of 125I-NGF in the spinal cord, we estimated that -'20-30%o of the DRG neurons were labeled under these conditions. In addition, linear arrays of autoradiographic grains could be seen at the proximal end of the DRG (Fig. 3A) , indicating the presence of transported radioactive material in the dorsal roots. No such labeling was observed at the distal end of the DRG (Fig. 3A) . The specificity of this transport mechanism for NGF was examined by studying the ability of 125I-labeled cytochrome c (1251-cytochrome c) to be transported retrogradely in the central process of the DRG under the same experimental
conditions. An equal concentration of cytochrome c was iodinated in the same manner as NGF. Administration of 125I1 cytochrome c into the spinal cord resulted in no accumulation of radioactivity in the L5 DRG on the injected side (Fig.  4) . The data in Fig. 4 show that the addition of a large excess of nonradioactive NGF was able to compete with the labeled (17) but also its connection with the central target are important for the survival and normal maintenance of the developing rat DRG neuron. This conclusion is supported by the observation of neuronal loss in the L5 DRG after the dorsal root was sectioned in the newborn rats. In contrast to the previous findings (3) (4) (5) (6) in which no effect on adult DRG neurons could be observed after dorsal rhizotomy, we found that the neuronal number in neonatal rat L5 DRG was reduced by 50% 6 days after the lesion was performed on PND-0. This difference between the response of newborn and adult animals could be due to a shift in the balance of trophic influence between the peripheral and central target terminals during the developmental process. As the animals mature, sensory neurons may receive more trophic support from peripheral target organs. The response of DRG neurons in adult animals to peripheral axotomy could be the result of a failure of these axotomized neurons to receive sufficient trophic support from their central terminal fields to remain in steady state. The fact that the same proportion of cell loss (50%) was observed in either peripherally (17) or centrally axotomized DRG suggests that immature DRG neurons depend equally on their peripheral and central target cells for their survival at this stage during development. This assumption was supported by the results showing that in animals that received both peripheral and central lesions there was a further decrease in cell number. Therefore, it seemed reasonable to assume that with the elimination of both axonal processes, the DRG neurons were deprived of trophic support from both the peripheral and central terminal fields. It would be interesting to speculate that either the remaining 30% of the cells in the double-lesioned DRG had a longer latency period of degeneration or the sources of trophic support for these cells were not interrupted by the lesions of the central and peripheral processes performed in these experiments. We have found (17) that 15-20% of neurons in L5 DRG do not project into the sciatic nerve. In addition, some DRG neurons apparently project their central processes into the spinal cord through the ventral roots (25) .
The signals for the initiation of cell body responses after axonal injury are not known (5) . One of the possibilities postulated is loss of trophic factor from target cells. NGF has been suggested as the natural retrograde trophic agent provided by the peripheral target for some neural crest-derived neurons. Several lines of evidence have supported this hypothesis. First, presence of NGF antiserum in immature animals leads to the destruction of sympathetic (26) (27) (28) and spinal sensory neurons (17, 27, 28) . Second, administration of exogenous NGF during the period of naturally occurring cell death reduces the loss of neurons in both sympathetic (29) (30) (31) and sensory ganglia (32) . Third, NGF is selectively taken up from the periphery and retrogradely transported to the sympathetic (33) and sensory ganglia (34, 35) . Furthermore, previous studies have demonstrated that the effects of peripheral axotomy on developing sympathetic (36, 37) and sensory neurons (17) can be prevented by NGF treatment. These results and the fact that treatment with NGF completely prevented any cell loss caused either by central lesion or by both central and peripheral lesion in the present study indicate that NGF can replace the trophic agent missing after the transection of either or both axonal processes.
The retrograde transport of NGF occurs in the peripheral process of sensory neurons throughout life (34, 38) . We show that 125I-NGF can also be retrogradely, axonally transported in the central process of the DRG neurons. 12 5NGF injected in the spinal cord or nucleus gracilis leads to a preferential accumulation of radioactivity in the DRG of the inProc. NatL Acad Sci. USA 81 (1984) Proc. NatL Acad Sci USA 81 (1984) 6249 jected side. This transport is specific and receptor-mediated.
These properties and rate of the fastest transported 125j_ NGF are the same as that described for the retrograde transport via the peripheral process. Our observation that the peripheral roots are not labeled after injection of 125I-NGF into the spinal cord complements the previous findings (35) in which the central roots are unlabeled after injection of 1251_ NGF into a crushed sciatic nerve. Thus, retrograde transport of NGF from either the central or peripheral terminals leads to accumulation in the cell body with little or no NGF entering the other process.
In summary, these results demonstrate that the central process plays a critical role in providing trophic support to the developing sensory neurons. Exogenous NGF can, at least for 5 days, replace the trophic support provided by the central process. 1251-NGF can be transported efficiently from the terminal fields of sensory neurons in the spinal cord via the central processes to the neuronal cell bodies in the DRG. These results strongly suggest, but do not prove, that the trophic support provided by the central process is mediated by NGF.
